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Metallothioneins (MTs) are considered central in the intracellular regulation of metals such as copper, zinc, and cadmium. Increased MT synthesis is
associated with increased capacity for binding these metals and protection against metal toxicity. Recent advances in the biochemistry and molecu-
lar biology of MTs have facilitated research on MTs in aquatic species. For the bivalve mollusc Crassostrea virginica, a species frequently used in
studies on the toxicology and environmental monitoring of metals, the primary structure for MT has been deduced from analysis of the proteins and
cDNA. Procedures for analysis of MT synthesis and MT gene expression have been applied in studies of response to metal exposure. Induction of
specific MT forms by Cd is concentration- and time-dependent. The levels of MT-bound metals exhibit a strong relationship with the cytosolic metal
concentrations in a metal-exposed natural population of oysters. Ribonuclease protection assays using sequence-specific antisense RNA probes
have shown that the MT mRNA structure in this natural population exhibits considerable individual variability in the 3'-untranslated region. Although
yet to be substantiated, the possibility exists that the distribution of this variability may be related to the level of environmental metal contamination.
One probe derived from the coding region is suitable for use in quantitative RPAs for oyster MT mRNAs. - Environ Health Perspect 102(Suppl 12):
91-96 (1994)

Key words: invertebrates, metallothioneins, metals, molluscs, ribonuclease protection assays, 3' untranslated region

Metallothionein and
Toxicology of Metals
The potential importance of metalloth-
ionein (MT) in toxicologic responses to

metals was recognized at the time of its ini-
tial discovery (1). These low molecular
weight, metal-binding proteins and
polypeptides (2) are inducible by metals
and are believed to participate in functions
associated with the metabolism and detoxi-
fication of metals (3). Although the precise
cellular function of MT has remained elu-
sive to investigators, there is considerable
evidence to support a purported role in
regulating or controlling the intracellular
availability of essential metals such as Cu
and Zn and the nonessential metal Cd.
MTs are capable of donating Cu and Zn to

appropriate receptor molecules such as

metalloenzymes (4-6) and transcriptional
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factors (7,8), thus regulating metal-depen-
dent activities through highly specific mol-
ecular interactions. With both essential and
nonessential metals, binding to MT limits
metal availability at inappropriate sites and
is thereby believed to confer protection
against toxicity. For proteins previously
compromised by binding a toxic metal
such as Cd, a rescue function, whereby
ZnMT serves as a receptor of Cd and, in
the case of Zn metalloproteins, donor of
zinc, has been proposed as a mechanism
for restoring functional properties of these
structures (9). Processes that result in
increased capacity for MT synthesis, e.g.,
induction (10-12), gene amplification
(13-15), and gene duplication (16), con-
fer cells or individuals with an increased
resistance to metal toxicity. In yeast, the
ability to resist Cu toxicity is lost when the
endogenous MT gene is deleted and
restored when a mammalian homologue is
inserted in its place (17,18). The existence
of specific metal-activated transcription
factors for MT gene expression serves as
evidence that MT induction by metals is a
specific cellular response to changes in cel-
lular metal concentrations (19).

The ubiquitous distribution of MT in
virtually all types of organisms studied to
date (3,20,21) attests to the conserved
nature ofMT and its function. Amino acid
sequences of varied species including
aquatic animals show regions of high simi-

larity (22). Conserved nucleotide sequences
exist for both coding region and regulatory
elements of MTs of mammals, fish, and
invertebrates (23-25).

The initial reports describing the occur-
rence of MTs in aquatic animals (26,27)
were soon followed by proposals for use of
MTs in assessing the environmental toxic-
ity of metals (28,29). These early proposals
were considered controversial due to a lack
of general understanding of MT function
in aquatic animals. While it is has been
known for some time that metals such as
Cd, Zn, and Cu can induce MTs in
aquatic animals, detailed studies at the cel-
lular and molecular level have only recently
been reported (21). Application of
improved biochemical procedures and
recombinant DNA technology has facili-
tated the analysis of MTs and MT gene
expression in several aquatic species.
Isolation procedures based on FPLC with
fish (30) and HPLC with invertebrates
(31,32) can resolve the multiple forms of
MTs in an individual sample. These proce-
dures are necessary for both detailed bio-
chemical analysis and analysis of response
to metals. Studies employing molecular
approaches are currently advancing our
understanding of the structure of the MT
DNA and its expression (22,25,33-43).
The findings should contribute to an
increased understanding of MT function
in aquatic animals and facilitate evaluation
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ofMTs as a possible diagnostic indicator of
exposure to metals (44).

According to a cellular model for MT
induction derived from our current under-
standing of the regulation of MT gene
expression (19) and adapted for aquatic
species (Figure 1), induction can be
assessed at both transcriptional and transla-
tional levels. Information associated with
an increase in the cellular content of metals
is conveyed to the MT gene via metal-acti-
vated transcriptional factors that initiate
expression following their binding to
specific metals. This results in a cascade of
events associated with transcription, syn-
thesis of apothionein, and binding of the
latter to metal ions to form MT. MT

A. ( MT gene

B.

37

Figure 1. Pathways for intracellular metal distribution
and relationship to MT induction. In the uninduced
state (A), MT synthesis is low and involved in basal
metabolism of metals. Metal-dependent transcription
is mediated through interactions of metal-regulatory
factors (MRF) and the appropriate regulatory elements
(MREs). In higher animals, a constitutively active MRF
is reported to be under inhibition by a transcriptional
inhibitor that can only be released by Zn (57). Other
metals would induce MT by displacing Zn from intra-
cellular binding sites in Li, making additional Zn avail-
able for interacting with the inhibitor. Increased metal
influx (B) would result in induction of thionein, medi-
ated by displaced Zn, and increased metal flux to MTs.
Direct binding of metals to MTs spares other structures
from th effects of metals. Additionally, MTs may be
involved in metal-metal exchange reactions that result
in donation of Zn and sequestration of toxic metals ini-
tially bound to target structures in the nonthionein pool
Li, thereby effecting repair or rescue of the latter (9).
In aquatic animals, sequestration of metals can also
occur in other cellular structures in Li, such as gran-
ules and concretions localized in membrane-bound
vesicles. Zn in parentheses denotes that Zn is expected
to follow these pathways together with other metals of
interest.

induction can be measured as the concen-
tration or rates of formation of the respon-
sible mRNA, MT, and levels of
MT-bound metals. Each of the processes
provides different information on the
inductive process and may display differen-
tial dynamics.

Metallothionein Induction
in a Mollusc
In aquatic animals, and especially with the
invertebrates, the development of proce-
dures for the study of specific MT forms
and MT gene expression has been relatively
recent. There is still a need to better under-
stand the basic features associated with MT
expression and their relationship to cellular
mechanisms of metal sequestration and
toxicity. Bivalve molluscs such as mussels
and oysters are commonly used in environ-
mental monitoring programs because of
their ability to concentrate relatively high
concentrations of anthropogenically-
derived chemicals. Of the various mollus-
can species, MT induction has been
studied in greatest detail in the oyster
Crassostrea virginica, the first invertebrate
species reported to possess MTs (27). Cd,
Cu, and Zn are known to bind to these
proteins (45,46). Analysis of the in vivo
kinetics of Cd-binding by these proteins
indicates that they can bind up to 50% of
the cellular Cd and that induction results
in binding of both newly taken-up Cd ions
and redistribution of Cd from other cellu-
lar structures to MT (47).

The biological half-life of Cd bound to
induced MT was estimated as 70 days (47)
and the half-life of MT as either 4 or 20
days depending on whether turnover mea-
surements were made during or immedi-
ately following cessation of exposure (48).
This discrepancy in half-lives between the
bound metal and MT is consistent with an
earlier proposal that the metals released
during the degradation ofMT are rebound
to newly synthesized MT, thus extending
the turnover time of the metal in relation
to protein (49). Metals redistributed to
MTs from other structures (47,48) can
also extend the turnover time of MT-
bound metals.

The most recent developments in the
study of the oyster MTs have been facili-
tated by application of HPLC isolation
procedures (50) and molecular probes
derived from the MT cDNA (22). HPLC
coupled with atomic absorption spec-
trophotometry and polyacrylamide gel
electrophoresis have been used to quantify
MT or the bound metals, and cDNA
probes and antisense RNA probes have

been used in Northern blot, dot blot, and
ribonuclease protection assage (RPAs) of
the mRNA.

The structure of the oyster MT was
deduced by N-terminal amino acid
sequencing and tandem mass spectrometry
of purified proteins (22,32,48) and RT-
PCR-based cloning and cDNA sequencing
(22). These studies indicated the presence
of two MTs whose sole difference was the
absence of an N-acetyl group in one. Based
on our current understanding of N-acetyla-
tion of proteins, the oyster MT is expected
to exist in the N-blocked form due to the
presence of a penultimate serine residue
encoded in the mRNA (48). The original
N-terminal methionine is expected to be
removed from the nascent polypeptide dur-
ing cotranslational processing. This is fol-
lowed by N-acetylation of the new
N-terminal serine. It was originally specu-
lated that the appearance of the unblocked
form was a maladaptive response due to the
effects of Cd on the N-acetylation process
during the induction of MT (48). This
view is supported by recent findings that
have shown that the unblocked form occurs
in high amounts only at relatively high
exposure concentrations of 4.4 x 10- pM
Cd (Figure 2) and higher (32). It also
appears later than the acetylated form dur-
ing Cd exposure at these concentrations
(48). Furthermore, the nonacetylated MT
is present in minor amounts, in comparison
wth the acetylated form, in a natural popu-
lation of oysters, which inhabits a metal-
contaminated environment (51). It appears
that MT induction by high concentrations
of Cd may create a demand for N-acetyla-
tion that is not met by the prevailing cellu-
lar conditions and is so far seen in
significant amounts only in the laboratory.
At the present time, there appear to be no
differences in functional correlates associ-
ated with these forms; i.e., in Cd, Zn, and
Cu composition (32) or in MT turnover
rates (48). Nevertheless, it is interesting to
speculate whether the appearance of the
nonacetylated form is a consequence of the
toxicity of Cd.

Induction of MTs (51) and the MT
mRNA (Unger and Roesijadi, unpublished
data) exhibits similar concentration-
response relationships at Cd exposure con-
centrations ranging from about 3.6 x 10 4

pM the background concentration in con-
trols, to 4.4 x 10 pM, the highest expo-
sure concentration tested (51). An increase
over basal levels is observed in both MT and
MT mRNA at Cd concentrations greater
than 1.0 x 10 I pM. However, the time
courses for the appearance of the two differ
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Figure 2. Ion exchange chromatograms (DEAE 5 PW column, TosoHaas) showing concentration-response relation-
ship for induction of gill MTs of Crassostrea virginica following exposure of oysters to a range of Cd concentrations
for 2 weeks (51). A detectable increase in peak 2, the acetylated form of oyster MT (CvNAcMT), is first seen at 4.4
x 10.2 pM Cd and continues to increase to 4.4 x 10-1 pM Cd the highest concentration shown. Peak 1, the
nonacetylated form (CvMT), is detected only at the highest concentration.

during induction by Cd. Increases in MT
levels lag considerably in comparison with
MT mRNA levels. At 4.4 x 10 1 pM Cd,
the increase in mRNA levels appears hyper-
bolic and approaches a maximum after 1

day of exposure. At this same exposure con-

centration, MT levels can continue to

increase for durations up to 24 days (47).
However, rates ofMT synthesis determined
by 35S-cysteine pulse labeling indicate the
establishment ofnew rates by 7 days (48).

Metallothionein in a
Natural Population
In parallel with the laboratory studies, the
behavior of MTs has been examined in a

natural population of oysters in the
Patuxent River, Maryland, a metal-conta-
minated tributary of the Chesapeake Bay.
The existence of high concentrations of
metals such as Ag and Cu in oysters in this
estuarine system is well documented
(52,53). We have also reported that similar
elevations exist with Cu, Cd, and Zn in gill
tissues, our standard tissue for study ofMT
function (51). Tissue Cd concentrations
exhibit a linear relationship with an appar-

ent contamination gradient in this estuar-

ine system (51). When levels of gill Cd,
Cu, and Zn bound to MTs were compared
with the total accumulated concentrations
of each of the metals, MTs had the greatest
impact on the accumulated Cd levels; on

average, accounting for 21.6% of the total
tissue Cd in comparison with 0.3% and
0.9% for Zn and Cu, respectively.
However, the relationship between MT-
bound and total accumulated Cd was not

linear, and the direct correspondence was

observed with MT-bound Cd and Cd
accumulated in the cytosol. Oysters possess
other mechanisms for metal sequestration
(54), and these appear to play a significant
role in binding Cd, Cu, and Zn in oysters
in the Patuxent River. Their relative
importance also appears to vary, thus
accounting for the variance between MT-
bound and total accumulated metal con-

centrations.

When the MT mRNA in this popula-
tion of oysters was examined using RPAs
(55) individual variability in the sizes of
RNase-protected fragments suggested indi-
vidual variability in the MT mRNA struc-
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Figure 3. Individual variability in MT RNA structure in
a natural population of oysters (55). Ribonuclease pro-
tection assays were conducted on total RNA of individ-
ual oysters hybridized to radiolabeled antisense RNA
probes encoding most of the coding region and the
entire 3' UTR. Representative profiles of ribonuclease-
protected oyster MT RNAs for individual oysters in a
natural population of oysters are shown. The variability
observed among individuals, shown in lanes A through
D, was localized to the 3' UTR of the oyster MT RNA
using a battery of RNA probes that were antisense to
either the coding region, the UTR, or both.
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Figure 4. Distribution of individual profiles for ribonu-
clease protection of oyster MT mRNA from four locations
on the Patuxent River, a metal-contaminated environ-
ment (55). Profiles for individual oysters were assigned
to one of the four patterns shown in Figure 3, lanes A
through D. The distribution of the different profiles of
RNase protection in oysters collected from different
locations on the river suggests a relationship between
the occurrence of the different types of RNAs and a
contamination gradient in tissue Cd concentrations
going upstream from Station to Station IV.

ture (Figures 3,4). The patterns of individual
variability could be assigned to one of four
groups. These included one with the full-
length protected fragment as the main pro-
tected band and three others with smaller
protected fragments as the main bands. In
two of the groups, the full-length protected
band was completely absent. The probe
that resulted in these initial observations
was antisense RNA containing sequence for
both the coding region and the 3'-untran-
lated region (3'-UTR) of oyster MT. This
probe was derived from a cDNA clone iso-
lated from a selected, cultured strain of oys-
ters exposed to Cd (22).
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It was possible to further localize the
region of variability in the MT mRNAs in
the natural population by using shorter
probes antisense to either the 3'-UTR or the
coding region. RNase protection with the
3'-UTR probe resulted in the same type of
variability in the pattern of protected frag-
ments as seen with the original probe; while
use of the coding region probe resulted in a
single band of the expected size for a fully-
protected fragment. The structure of the
coding region of the MT mRNAs is, there-
fore, similar among individuals and
expected to encode the same protein. The
individual variability exists in the 3'-UTR.
The 3'-UTR is recognized as having roles in
determining RNA localization, polyadenyla-
tion, stability, and translation initiation
(56), and variability in this region of the

MT mRNA may signify differences in the
utilization or regulation of MTs by individ-
uals of differing backgrounds. Preliminary
evidence (Figure 4) is suggestive of the pos-
sibility that the variability may be related to
a Cd contamination gradient in oyster tis-
sues. However, additional data are required
for definitive conclusions. Either alternative
splicing of similar primary transcripts or
genetic polymorphism will most likely rep-
resent the underlying mechanism responsi-
ble for the observed variability. The
functional significance of the variability
remains to be determined.

Although the variability described
above precluded using the "full-length"
antisense probe in quantitative RPAs for
total MT mRNAs, the probe derived from
the coding region is suitable in such assays

and is currently being used in a protocol
based on the standard additions method. A
sense-strand transcript derived from the
same template as the probe is used as the
standard.

Summary
The preceding account has summarized the
basis for investigating MTs in the context
of the environmental toxicology of metals
and recent progress on understanding the
response of MTs of an estuarine mollusc as
a function of metal exposure. Continued
application of biochemical and molecular
approaches to the study of MTs of aquatic
organisms should facilitate investigations on
functional aspects ofMT induction and the
behavior ofMTs in natural populations.

REFERENCES

1. Kagi JHR,Vallee BL. Metallothionein: a cadmium- and zinc-
containing protein from equine renal cortex. J Biol Chem
235:3460-3465 (1960).

2. Fowler BA, Hildebrand CE, Kojima Y, Webb M.
Nomenclature of metallothionein. In: Metallothionein II (Kagi
JHR and Kojima Y, eds). Basel:Birkhauser-Verlag 1987; 19-22.

3. Kaigi JHR, Kojima Y. Chemistry and biochemistry of metal-
lothioneins. In: Metallothionein II, (Kagi JHR and Kojima Y,
eds). Basel:Birkhauser-Verlag 1987:25-61.

4. Udom UO, Brady FO. Reactivation in vitro of zinc-requiring
apo-enzymes by rat liver zinc-thionein. Biochem J
187:329-335 (1980).

5. Churchich JE, Scholz G, Kwok F. Activation of pyridoxal
kinase by metallothionein. Bioch Biophys Acta 996:181-186
(1989).

6. Brouwer M, Brouwer-Hoexum T. Interaction of copper-metal-
lothionein from the American lobster, Homarus americanus,
with glutathione. Arch Biochem Biophys 290:207-213 (1991).

7. Zeng J, Vallee BL, Kagi JHR. Zinc transfer from transcription
factor IIIA fingers to thionein clusters. Proc Natl Acad Sci USA
88:9984-9988 (1991).

8. Zeng J, Heuchel R, Schaffner W, Kagi JHR. Thionein
(apometallothionein) can modulate DNA binding and tran-
scription activation by zinc finger containing Spl. FEBS Lett
279:310-312 (1991).

9. Huang PC. Metallothionein structure/function interface. In:
Metallothionein III: Biological Roles and Medical Implications,
(Suzuki KT, Imura N and Kimura M, eds). Basel:Birkhauser
Verlag, 1993;407-426.

10. Leber AP, Miya TS. A mechanism for cadmium- and zinc-
induced tolerance to cadmium toxicity: involvement of metal-
lothionein. Toxicol Appl Pharmacol 37:403-414 (1976).

11. Pruell RJ, Engelhardt FR. Liver cadmium uptake, catalase inhi-
bition and cadmium thionein production in the killifish
(Fundulus heteroclitus) induced by experimental exposure. Mar
Environ Res 3:101-111 (1980).

12. Roesijadi G, Fellingham GW. Influence of Cu, Cd, and Zn
preexposure on Hg toxicity in the mussel Mytilus edulis. Can J
Fish Aquat Sci 44:680-684 (1987).

13. Hildebrand CE, Tobey RA, Campbell EW. A cadmium-resis-
tant variety of the Chinese hamster ovary (CHO) cell with
increased metallothionein induction capacity. Exp Cell Res
124:237-246 (1979).

14. Beach LR, Palmiter RD. Amplification of the metallothionein-I
gene in cadmium-resistant mouse cells. Proc Natl Acad Sci

USA 78:2110-2114 (1981).
15. Gick GG, McCarty KS. Amplification of the metallothionein-I

gene in cadmium- and zinc-resistant Chinese hamster ovary
cell. J Biol Chem 15:9048-9053 (1982).

16. Laurent T, Ho A-S, Maroni G. Recent evolutionary history of
the metallothionein gene Mtn in Drosophila. Genet Res, Camb
58:203-210 (1991).

17. Hamer DH, Thiele DJ, Lemontt JE. Function and autoregula-
tion of yeast copper-thionein. Science 228:685-690 (1985).

18. Thiele DJ, Walling MJ, Hamer DH. Mammalian metallo-
thionein is functional in yeast. Science 231:854-856 (1986).

19. Thiele DJ. Metal-regulated transcription in eukaryotes. Nucleic
Acids Res 20:1183-1191 (1992).

20. Riordan JF, Vallee BL, eds. Metallobiochemistry, Part B:
Metallothionein and Related Molecules. Methods in
Enzymology. San Diego:Academic Press, 1991.

21. Roesijadi G. Metallothioneins in metal regulation and toxicity
in aquatic animals. Aquat Toxicol 22:81-114 (1992).

22. Unger ME, Chen TT, Fenselau CC, Murphy CM, Vestling
MM, Roesijadi G. Primary structure of a molluscan metalloth-
ionein deduced from molecular cloning and tandem mass spec-
trometry. Biochim Biophys Acta 1074:371-377 (1991).

23. Otto E, Allen JM, Young JE, Palmiter RD, Maroni G. A DNA
segment controlling metal-regulated expression of the
Drosophila melanogaster metallothionein gene Mtn. Mol Cell
Biol 7:1710-1715 (1987).

24. Harlow P, Watkins E, Thornton RD, Nemer M. Structure of
an ectodermally expressed sea urchin metallothionein gene and
characterization of its metal-responsive region. Mol Cell Biol
9:5445-5455 (1989).

25. Imbert J, Zafarullah M, Culotta VC, Gedamu L, Hamer D.
Transcription factor MBF-1 interacts with metal regulatory ele-
ments of higher eucaryotic metallothionein genes. Mol Cell
Biol 9:5315-5323 (1989).

26. Olafson RW, Thompson JAJ. Isolation of heavy metal binding
proteins from marine vertebrates. Mar Biol 28:83-86 (1974).

27. Casterline JL, Yip G. The distribution and binding of cadmium
in oyster, soybean, and rat liver and kidney. Arch Environ
Contam Toxicol 3:319-329 (1975).

28. Brown DA, Bawden CA, Chatel KW, Parsons TR. The wildlife
community of Iona Island Jetty, Vancouver, B.C., and heavy-
metal pollution effects. Environ Conserv 4:213-216 (1977).

29. Bayne BL, Brown DA, Harrison FL, Yevich PD. Mussel health.
In: The International Mussel Watch. Washington:National
Academy of Sciences Press, 1980.

94 Environmental Health Perspectives



METALLOTHIONEIN AND AQUATICANIMALS

30. Olsson P-E, Hogstrand C. Improved separation of perch liver
metallothionein by fast protein liquid chromatography. J
Chromatogr 402:293-299 (1987).

31. Brouwer M, Winge DR, Gray WR. Structural and functional
diversity of copper-metallothioneins from the American lobster
Homarus americanus. J Inorg Biochem 35:289-303 (1989).

32. Roesijadi G, Kielland SL, Klerks P. Purification and properties
of novel molluscan metallothioneins. Arch Bioch Biophys
273:403-413 (1989).

33. Nemer M, Travaglini EC, Rondinelli E, D'Alonzo J.
Developmental regulation, induction, and embryonic tissue
specificity of sea urchin metallothionein gene expression. Dev
Biol 102:471-482 (1984).

34. Nemer M, Wilkinson DG, Travaglini EC, Sternberg EJ, Butt
TR. Sea urchin metallothionein sequence: Key to an evolution-
ary diversity. Proc Natl Acad Sci USA 82:4992-4994 (1985).

35. Bonham K, Zafarullah M, Gedamu L. The rainbow trout met-
allothioneins: molecular cloning and characterization of two
distinct cDNA sequences. DNA 6:519-528 (1987).

36. Wilkinson DG, Nemer M. Metallothonein genes MTa and
MTb expressed under distinct quantitative and tissue-specific
regulation in sea urchin embryos. Molec Cell Biol 7:48-58
(1987).

37. Zafarullah M, Bonham K, Gedamu L. Structure of the rainbow
trout metallothionein B gene and characterization of its metal-
responsive region. Mol Cell Biol 8:4469-4476 (1988).

38. Chan KM, Davidson WS, Hew CL, Fletcher GL. Molecular
cloning of metallothionein cDNA and analysis of metallo-
thionein expression in winter flounder tissues. Can J Zool
67:2520-2527 (1989).

39. Zafarullah M, Olsson P-E, Gedamu L. Endogenous and heavy
metal-induced metallothionein gene expression in salmonid tis-
sues and cell lines. Gene 83:85-93 (1989).

40. Olsson P-E, Hyllner SJ, Zafarullah M, Andersson T, Gedamu
L. Differences in metallothionein gene expression in primary
cultures of rainbow trout hepatocytes and the RTH-149 cell
line. Biochim Biophys Acta 1049:78-82 (1990).

41. Olsson P-E, Zafarullah M, Foster R, Hamor T, Gedamu L.
Developmental regulation of metallothionein mRNA, zinc and
copper levels in rainbow trout, Salmo gairdneri. Eur J Biochem
193:229-235 (1990).

42. Nemer M, Thornton RD, Stuebing EW, Harlow P. Structure,
spatial, and temporal expression of two sea urchin metallothio-
nein gene, SpMTB1 and SpMTA. J Biol Chem
266:6586-6593 (1991).

43. Kille P, Kay J, Leaver M, George S. Induction of piscine metal-
lothionein as a primary response to heavy metal pollutants:
applicability of new sensitive molecular probes. Aquat Toxicol
22:279-286 (1992).

44. Stegeman JJ, Brouwer M, Di Giulio RT, Forlin L, Fowler BA,
Sanders BM, Van Veld PA. Molecular responses to environ-
mental contamination: enzyme and protein systems as indica-

tors of chemical exposure and effect. In: Biomarkers:
Biochemical, Physiological, and Histological Markers of
Anthropogenic Stress (Huggett RJ, Kimerle RA, Mehrle PM,
Bergman HL, eds). Chelsea, MI:Lewis Publishers,
1992;235-335.

45. Engel DW, Fowler BA. Copper- and cadmium-induced
changes in the metabolism and structure of molluscan gill tis-
sue. In: Marine Pollution: Functional Responses (Vernberg WB
Calabrese, A, Thurberg FP, and Vernberg FJ, eds). New
York:Academic Press, 1979;239-256.

46. Engel DA, Brouwer M. Trace metal-binding proteins in marine
molluscs and crustaceans. Mar Environ Res 13:177-194 (1984).

47. Roesijadi G, Klerks P. A kinetic analysis of Cd-binding to met-
allothionein and other intracellular ligands in oyster gills. J Exp
Zool 251:1-12 (1989).

48. Roesijadi G, Vestling MM, Murphy CM, Klerks PL, Fenselau
C. Structure and time-dependent behavior of acetylated and
non-acetylated forms of a molluscan metallothionein. Biochim
Biophys Acta 1074:230-236 (1991).

49. Feldman SL, Squibb KS, Cousins RJ. Degradation of cad-
mium-thionein in rat liver and kidney. J Toxicol Environ
Health 4:805-813 (1978).

50. Roesijadi G, Fowler B. Purification of invertebrate metalloth-
ioneins. In: Methods in Enzymology Vol 205,
Metallobiochemistry, Part B: Metallothionein and Related
Molecules (Vallee JFRaBL, ed). San Diego:Academic Press,
1991;263-273.

51. Roesijadi G. Behavior of metallothionein-bound metals in a
natural populations of an estuarine mollusc. Mar Environ Res
38:147-168 (1994).

52. Sanders JG, Riedel GF, Abbe GR. Factors controlling the spa-
tial and temporal variability of trace metal concentrations in
Crassostrea virginica. In: Estuaries and Coasts: Spatial and
Temporal Comparisons (Elliott M and Ducrotoy J-P, eds).
Milwaukee:Olsen & Olsen, 1991;335-339.

53. Wright DA, Zamuda CD. Use of oysters as indicators of copper
contamination in the Patuxent River, Maryland. Hydrobiologia
222:39-48 (1991).

54. George SG. Subcellular accumulation and detoxication of met-
als in aquatic animals. In: Physiological Mechanisms of Marine
Pollutant Toxicity (Vernberg WB, Calabrese A, Thurberg FP,
and Vernberg FJ, eds). New York:Academic Press, 1982;3-52.

55. Fuentes ME, Unger ME, Roesijadi. Individual variability in the
3' untranslated region of metallothionein mRNAs in a natural
population of the mollusc Crassostrea virginica. Molec Mar Biol
Biotech 3:141-148 (1994).

56. Jackson RJ. Cytoplasmic regulation of mRNA function: the
importance of the 3' untranslated region. Cell 74:9-14 (1993).

57. Palmiter RD. Regulation of metallothionein genes by heavy
metals appears to be mediated by a zinc-sensitive inhibitor that
interacts with a constitutively active transcription factor, MTF-
1. Proc Natl Acad Sci USA 91:1219-1223 (1994).

Volume 102, Supplement 12, December 1994 95


